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MaBACKGROUND Appropriate use criteria (AUC) for cardiac imaging have been available for almost 10 years. The extent
to which there has been a reported improvement in appropriate use is undeﬁned.
OBJECTIVES This study systematically reviewed published evidence to identify whether the promulgation of AUC has
led to an improvement in the proportion of appropriate cardiac imaging requests.
METHODS Electronic databases were systematically searched for English-language papers related to AUC and cardio-
vascular imaging. We found 59 reports involving 103,567 tests that were published from 2000 to 2012. The rate of
appropriate testing over time was analyzed in a meta-regression.
RESULTS New AUC were associated with apparent improvements in appropriateness for transthoracic echocardiography
(TTE) (80% [95% conﬁdence interval (CI): 0.75 to 0.84] vs. 85% [95% CI: 0.81 to 0.89]), transesophageal echocardi-
ography (TEE) (89% [95% CI: 0.81 to 0.94] vs. 95% [95% CI: 0.93 to 0.96]) and computed tomography angiography
(CTA) (37% [95% CI: 0.21 to 0.55] vs. 55% [95% CI: 0.44 to 0.65]) but not stress echocardiography (53% [95% CI: 0.45
to 0.61] vs. 52% [95% CI: 0.42 to 0.61]) or single-photon emission computed tomography (72% [95% CI: 0.66 to 0.77]
vs. 68% [95% CI: 0.60 to 0.74]). Although there were no correlations between the proportion of appropriate TTEs and
published year (p ¼ 0.36) for 2007 AUC, there was a positive correlation between proportion of appropriateness and
the year of publication (p¼ 0.01) for 2011 AUC. There was a signiﬁcant decrease in the proportion of appropriateness over
time using the 2007 TEE AUC (p ¼ 0.03) and 2006 CT AUC (p ¼ 0.02). There were no meaningful associations between
appropriateness and publication year for stress echocardiography, CTA, or single-photon emission computed tomography.
CONCLUSIONS Rates of reported appropriate use in imaging show improvements for TTE and CTA but not for stress
imaging and TEE. The observed reductions in imaging studies are not matched by reported rates of appropriate use.
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ABBR EV I A T I ON S
AND ACRONYMS
AUC = appropriate use criteria
CMR = cardiac
magnetic resonance
CTA = computed tomography
angiography
TEE = transesophageal
echocardiography
TTE = transthoracic
echocardiography
SPECT = single-photon
emission computed
tomography
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(CTA), transthoracic echocardiography (TTE),
transesophageal echocardiography (TEE),
and stress echocardiography (5–10).SEE PAGE 774Whether the publication of AUC was the
reason for the reduction in imaging is un-
clear. Evaluations after educational cam-
paigns have shown heterogeneous responses
(11–13). When changes have been reported,
some papers have shown a reduction in the
number of requests (11–14), and most have
shown an improvement in the proportion oftests coded as being appropriate (13). The goal of the
present study was to demonstrate the impact, if any,
of AUC on the ordering behavior of clinicians by
examining reported rates of appropriateness over
time.
METHODS
SEARCH STRATEGY. We adhered to the protocol
speciﬁed in the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses statement for
reporting systematic reviews (15). Two reviewers
conducted a literature search of 5 online databases
(Medline/PubMed, Scopus, Web of Science, Embase,
and Cochrane) for published reports that estimated
the proportion of appropriate tests using the AUC for
cardiac imaging, including TTE, TEE, stress echocar-
diography, SPECT, CMR, and CTA for all years from
2005 through 2014. Papers were limited to those
published in English. References of publications and
relevant papers were also searched for further
reports.
INCLUSION CRITERIA. Publications in peer-reviewed,
English-language journals evaluating the AUC in TTE,
TEE, stress echocardiography, SPECT, CMR, and
CTA were included in this systematic review if they
reported the following: 1) AUC used; 2) year of data
collection; 3) sample size of tests evaluated; 4) pro-
portion of appropriate imaging studies and propor-
tion of uncertain or “rarely appropriate” tests; and
5) proportion of classiﬁed and/or unclassiﬁed tests.
No restrictions were applied to the types of patients,
the report’s country of origin or type of institution
where the AUC were evaluated.
OUTCOMES. The primary outcome was the propor-
tion of appropriate tests in the total sample of each
report. The secondary outcome was the proportion of
appropriate tests in classiﬁable imaging studies. For
both, our goal was to determine the relation betweenappropriateness with median year of acquisition of
the data and year of publication of the report. We also
sought to assess the trends in classiﬁed imaging
studies over time for each of the AUC editions.
DATA EXTRACTION. Data were extracted by 1 review
author (R.F.) and checked by a second reviewer
(K.N.). Discrepancies between reviewers were
resolved by consensus or, if necessary, by a third
author (T.H.M.). Information on publication year,
average of enrollment year, sample size, proportion
of appropriate tests, sex, mean age, proportion of
inpatient population, and specialty of physicians who
requested the tests was extracted independently
from every eligible report. If a paper reported the
effect of intervention in the same population but at
2 points in time, both data points were used in 2
different analyses.
Because there were 2 editions of the AUC for each
cardiac imaging test at the time of data extraction,
analysis was performed in 10 groups: 2007 and 2011
TTE, 2007 and 2011 TEE, 2008 and 2011 stress echo-
cardiography, 2005 and 2009 SPECT, and 2006 and
2010 CTA.
STATISTICAL ANALYSIS. Meta-analysis was per-
formed by using a logit transformation to calculate
the weighted summary proportion under a random
effects model (DerSimonian-Laird estimator). We
assumed that effect sizes differed between reports
due to differences in the characteristics of partici-
pants, between hospitals and regions, or protocols
for using cardiac imaging in different scenarios.
A random effect model was used because the differ-
ences in observed effects were not only due to sam-
pling error.
Ten pooled analyses were conducted separately: 1
for each cardiac imaging and edition of AUC used
(TTE 2007, TTE 2011, TEE 2007, TEE 2011, stress
echocardiography 2008, stress echocardiography
2011, SPECT 2005, SPECT 2009, CTA 2006, and CTA
2010). Reports were included in >1 analysis if the
report evaluated >1 cardiac imaging technique or a
different edition of AUC. Heterogeneity among re-
ports was assessed by using Cochrane’s Q test
(reported with a chi-square value and p value) and
was quantiﬁed with the I2 statistic. Potential sources
of heterogeneity were investigated further by using
meta-regression analysis. Meta-regressions were
performed on the (nonlinear) logit scale; to show
the effect of each report characteristic, the model
coefﬁcient at the mean of each characteristic was
back-transformed. For characteristics that were pro-
portion data (inpatients, male, specialists), we have
shown the coefﬁcient per 0.1 unit (or 10%) increase in
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765proportion rather than the standard per 1-U increase.
Publication bias was examined by plotting a funnel
plot and was quantiﬁed by using Egger’s test.
All statistical analyses were performed by using R
software version 3.1.0 (R Development Core Team
2013) with the following packages: “meta,” “meta-
phor,” and “boot.”
RESULTS
LITERATURE SEARCH. The initial search of the 5
online databases used in this work identiﬁed a total of
5,323 original papers (Online Figure 1). Exclusion of
5,264 papers after review of the title, abstract, or both
left 59 possible papers suitable for the present sys-
tematic review. Some reports were used more than
once if they had data for different cardiac imaging or
the same imaging but different AUC edition. Of the
reports included, 15 were used for the TTE 2007
analysis; 10 for TTE 2011; 5 for TEE 2007; 3 for TEE
2011; 6 for stress echocardiography 2008; 8 for stress
echocardiography 2011; 11 for SPECT 2005; 11 for
SPECT 2009; 9 for CTA 2006; and 7 for CTA 2010
analysis.
CHARACTERISTICS OF ORIGINAL REPORTS. The
majority of reports (53%) were retrospective in design
(Online Table 1). An individual different from the
ordering physician did the appropriateness scoring by
using medical records, data, and requests of tests in
w90% of reports. Among these reports in which re-
viewers scored appropriateness, 58% had the score
reviewed only for unclassiﬁed tests or disagreement
between reviewers. Physicians evaluated appropri-
ateness in 51% of the reports; nurses or sonographers
were reviewers in 15%; and the occupation of the
reviewer was undeﬁned in 34%. The weighted
average of appropriate tests for physicians was 40%
of the total sample (compared with 65% for nurses
and 71% for sonographers).
In the majority of the papers, agreement between
reviewers was not reported. In those papers in which
reviewer agreement was reported, the agreement
(kappa) between physician reviewers varied between
0.31 and 0.84. This range exceeded that for nurses
(0.56 to 0.74) and sonographers (0.67 and 0.84). The
observations were based on the request at the point-
of-service in 86%. Most (73%) were performed in an
academic setting, with 13.6% in a community setting
and 13.6% in both environments. Tables 1 and 2 pre-
sent the papers included for each of the analyses.
PUBLICATION BIAS. Funnel plots were made for each
of the pooled analyses (Online Figure 2). There was
evidence of publication bias for stress echocardiog-
raphy 2011 (p ¼ 0.01) and CTA 2010 (p ¼ 0.02).However, bias was not identiﬁed for TTE 2007 (p ¼
0.24), TTE 2011 (p ¼ 0.10), TEE 2007 (p ¼ 0.99), TEE
2011 (p ¼ 0.39), stress echocardiography 2008 (p ¼
0.65), SPECT 2005 (p ¼ 0.35), SPECT 2009 (p ¼ 0.93), or
CTA 2006 (p ¼ 0.08).
TEMPORAL CHANGES IN APPROPRIATE USE. New
versions of AUC were associated with apparent im-
provements in appropriateness for TTE, TEE, and
CTA but not for stress echocardiography or SPECT
(Central Illustration). The only modality showing a
correlation between the proportion of appropriate
testing and published year was for TTE, using the
2011 guidelines.
TTE (2007 edi t ion) . Of the 15 reports in which the
AUC for TTE was evaluated by using the 2007 edition,
1 paper (16) was presented twice because it analyzed
2 different samples for TTE at 2 different points of
time (Table 1, Online Figure 3). Thus, there are 16
different rows (n ¼ 7,762 TTE) analyzed for 15
different reports published between 2008 and 2013,
with a range of enrollment between 2000 and 2011.
The pooled proportion of appropriateness of the
total sample was 0.80 (95% CI: 0.75 to 0.84), with
substantial heterogeneity among the estimates
(I2 ¼ 95.4%, p < 0.0001). The weighted average of
appropriate tests among classiﬁable imaging studies
was 0.91 (95% CI: 0.87 to 0.93) (Table 3). Heteroge-
neity was explored by using the following factors:
publication year, sex, proportion of inpatients, and
proportion of tests ordered by cardiologists. In uni-
variate meta-regression, there was no signiﬁcant as-
sociation of proportion of appropriate tests with
publication year (p ¼ 0.36) (Table 4). In addition,
there were no signiﬁcant relations between appro-
priateness and sex, type of patient, or cardiologist
who ordered the test. However, there was a positive
association between proportion of appropriate testing
and proportion of inpatients (p ¼ 0.0006). The pro-
portion of classiﬁable imaging studies showed no
signiﬁcant improvement over time (Table 3).
TTE (2011 ed i t ion) . Ten reports using the 2011
edition of the AUC for TTE were analyzed (n ¼ 9,211).
Because 1 paper (11) was divided into 2, there were 11
reports included in this analysis. The weighted
proportion of appropriate tests was 0.85, with sub-
stantial heterogeneity among the estimates (95% CI:
0.81 to 0.89; I2 ¼ 96.2%, p < 0.0001) (Online Figure 3).
In this group, a signiﬁcant positive association was
found between appropriateness and year of publica-
tion (p ¼ 0.01), as well as a strong positive association
between inpatient status and appropriateness in
the total sample (p < 0.0001) (Table 4). There was
no improvement in the proportion of appropriate
TABLE 1 Overview of Reports Included in the TTE and TEE Analyses
First Author (Ref. #) Test
AUC
Edition
Publication
Year
Enrollment
Year n
App
Test
App
(%)
Classiﬁed
Imaging
Studies
Previous
Echo
(%)
Inpatient
(%)
Age
(yrs)* Women
Cardiac
Specialist
(%)
Ward et al. (23) TTE 2007 2008 2007 1,553 1,228 0.79 1,385 0.36 0.48 58.8  16.9 0.53 0.48
Willens et al. (24) TTE 2007 2009 2008 625 481 0.77 526 – 0.17 – – 0.22
Dharmarajan et al. (25) TTE 2007 2009 2003 58 51 0.88 58 – – 29.0  6.0 1.00 0.19
Kirkpatrick et al. (26) TTE 2007 2009 2007 368 206 0.56 237 0.78 0.00 55.0  17.0 0.51 0.61
Martin and Picard (27) TTE 2007 2009 2008 274 237 0.86 268 – 1.00 – 0.50 0.38
Bhave et al. (21) TTE 2007 2010 2009 258 199 0.77 221 0.35 – 59.0  18.0 0.53 0.55
Rao et al. (28) TTE 2007 2010 2008 772 533 0.69 716 – 0.00 – – 1.00
Aggarwal et al. (29) TTE 2007 2010 2007 329 278 0.84 299 – 0.44 63.0  15.0 0.42 0.57
Ghatak et al. (30) TTE 2007 2011 2009 431 364 0.84 394 – – – – –
Rahimi et al., 1 (16) TTE 2007 2011 2000 177 143 0.81 164 0.37 0.00 53.0  17.0 0.27 0.37
Rahimi et al., 2 (16) TTE 2007 2011 2008 348 251 0.72 296 0.54 0.00 58.0  17.0 0.48 0.37
Parikh et al. (31) TTE 2007 2012 2010 384 333 0.87 336 0.31 0.68 64.0  16.0 0.45 0.51
Bhatia et al. (32) TTE 2007 2012 2011 450 288 0.64 347 0.69 0.33 70.6  14.7 0.50 0.38
Alqarqaz et al. (33) TTE 2007 2012 2009 170 131 0.77 147 – – – – 0.40
Silverman et al. (34) TTE 2007 2012 2009 485 442 0.91 485 – – – 0.50 –
Bailey et al. (35) TTE 2007 2013 2008 1,080 933 0.86 945 – 1.00 71.2  15.0 – 0.10
Willens et al. (36) TTE 2011 2011 2008 625 479 0.77 617 – 0.17 – – 0.22
Parikh et al. (31) TTE 2011 2012 2010 384 354 0.92 363 0.31 0.68 64.0  16.0 0.45 0.51
Bhatia et al., 1 (32) TTE 2011 2012 2011 450 313 0.69 441 0.69 0.33 70.6  14.7 0.50 0.38
Patil et al. (37) TTE 2011 2012 2010 1,820 1,493 0.82 1,812 – 0.47 – – –
Alqarqaz et al. (33) TTE 2011 2012 2009 170 131 0.77 170 – – – – 0.40
Ballo et al. (38) TTE 2011 2012 2010 931 739 0.79 920 – – 72.8  14.4 0.46 0.49
Mansour et al. (39) TTE 2011 2012 2007 1,553 1,253 0.81 1,525 – 0.49 59.0  17.0 0.52 0.50
Bailey et al. (35) TTE 2011 2013 2008 1,080 1,042 0.96 1,080 – 1.00 71.2  15.0 – 0.10
Matulevicius et al. (40) TTE 2011 2013 2011 535 491 0.92 535 – 0.57 – 0.59 0.31
Bhatia et al., 2 (11) TTE 2011 2013 2011 1,318 1,105 0.84 1,312 – – 63.0 0.46 –
Bhatia et al., 3 (11) TTE 2011 2013 2012 345 312 0.90 337 – – 61.0 0.42 –
Rao et al. (41) TEE 2007 2009 2006 1,235 1,156 0.94 1,235 – – 61.0 – –
Aggarwal et al. (29) TEE 2007 2010 2007 200 191 0.95 194 – 0.50 63.0  15.0 0.42 0.57
Ogbara et al. (42) TEE 2007 2011 2011 389 321 0.82 389 – – – – –
Bhatia et al. (43) TEE 2007 2012 2011 202 156 0.77 166 – 0.76 63.0  14.0 0.20 0.73
Mansour et al. (39) TEE 2007 2012 2007 405 358 0.88 368 – 0.72 59.0  17.0 0.52 0.50
Bhatia et al. (43) TEE 2011 2012 2011 202 190 0.94 199 – 0.76 63.0  14.0 0.20 0.73
Grewal et al. (44) TEE 2011 2012 2008 671 639 0.95 659 – – 66.0  13.0 0.33 –
Mansour et al. (39) TEE 2011 2012 2007 405 382 0.94 404 – 0.72 59.0  17.0 0.52 0.50
*Values are mean  SD or mean.
App ¼ appropriate; AUC ¼ appropriate use criteria; Echo ¼ echocardiography; TEE ¼ transesophageal echocardiography; TTE ¼ transthoracic echocardiography.
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(Table 3).
Transesophageal echocard iography . Five reports
based on the TEE 2007 AUC (n ¼ 2,431) were pub-
lished between 2009 and 2012 (Online Figure 4). The
weighted proportion of appropriate tests was 0.89,
with substantial heterogeneity among estimates (95%
CI: 0.81 to 0.94; I2 ¼ 94.8%, p < 0.0001). In the overall
sample, there was a negative association between
appropriateness, publication year (p ¼ 0.03), and in-
patients (p ¼ 0.007) (Table 4). There were no signiﬁ-
cant associations between appropriateness and sex,
ordering physician, or age. There was an apparent
correlation between proportion of classiﬁed imaging
studies and publication year (Table 3). Three papersused TEE 2011 AUC, which included 1,278 tests. There
was no association with time, sex, specialists, or type
of patients.
Stress echocard iography . The 2008 AUC were
used in 6 reports (n ¼ 1,459) of stress echocardi-
ography published between 2009 and 2013, with
enrollment data between 2005 and 2011. The pooled
appropriate testing proportion using the 2008
AUC was 0.53, with signiﬁcant heterogeneity be-
tween estimates (95% CI: 0.45 to 0.61; I2 ¼ 88.3%,
p < 0.0001) (Online Figure 5). There were no sig-
niﬁcant associations between proportion of appro-
priateness and publication year, sex, or specialists
for either all imaging studies or classiﬁable studies
(Tables 3 and 4).
TABLE 2 Overview of Reports Included in the SE, SPECT, and CTA Analyses
First Author (Ref. #)
Imaging
Test
AUC
Edition
Publication
Year
Enrollment
Year n
App
Tests
App
(%)
Classiﬁed
Imaging
Studies
Previous
Echo
(%)
Inpatient
(%)
Age
(yrs)*
Female
(%)
Cardiac
Specialist
(%)
McCully et al. (45) SE 2008 2009 2005 298 159 53 241 – – 66.0  13.0 48 –
Mansour et al. (46) SE 2008 2010 2008 289 180 62 253 – 7 59.0  18.0 49 45
Bhatia et al. (47) SE 2008 2013 2011 252 104 41 126 15 – 58.1  12.2 42 50
Willens et al. (12) SE 2008 2013 2008 209 104 50 189 – 0 56.1  13.8 53 52
Lin et al. (48) SE 2008 2013 2010 111 50 45 92 – – 51.4 54 –
Schmitz et al. (49) SE 2008 2013 2010 300 194 65 226 – – – –
Mansour et al. (39) SE 2011 2012 2008 289 165 57 281 – 7 59.0  17.0 52 50
Cortigiani et al. (50) SE 2011 2012 2003 1,552 984 63 1,552 – 0 – – –
Bhatia et al. (47) SE 2011 2013 2011 252 105 42 221 15 – 58.1  12.2 42 50
Bhattacharyya et al. (51) SE 2011 2013 2011 100 49 49 100 – – – – –
Willens et al., 1 (12) SE 2011 2013 2008 209 100 48 207 – 0 56.1  13.8 53 52
Willens et al., 2 (12) SE 2011 2013 2011 209 82 39 200 – 0 56.3  14.7 53 53
Willens et al., 3 (12) SE 2011 2013 2001 111 48 43 107 – 0 57.7  13.3 50 100
Schmitz et al. (49) SE 2011 2013 2010 300 300 100 300 – – – –
Gibbons et al., 1 (52) SPECT 2005 2008 2005 284 182 64 253 – – 67.0  11.0 37 –
Mehta et al. (53) SPECT 2005 2008 2006 1,209 940 78 1,173 – – – 55 69
Hendel et al. (54) SPECT 2005 2010 2007 6,351 4,192 66 5,906 – – 65.7  11.8 41 75
Gibbons et al., 2 (55) SPECT 2005 2010 2006 284 188 66 241 – – 68.0  11.0 33 –
Carryer et al. (56) SPECT 2005 2010 2005 281 179 64 250 – – 67.0  11.0 37 –
Gupta et al. (57) SPECT 2005 2011 2009 314 263 84 314 – – 62.0  14.0 48 62
Gibbons et al., 3 (13) SPECT 2005 2011 2008 273 164 60 232 – – 65.0  13.0 33 –
Gholamrezanezhad et al. (58) SPECT 2005 2011 2009 291 211 72 279 – – 55.3  10.3 57 –
Druz et al. (59) SPECT 2005 2011 2007 585 370 63 570 – 48 63.5  13.1 45 44
Soine et al., 1 (17) SPECT 2005 2012 2007 1,377 950 69 1,377 – – 58.4  13.4 52 –
Soine et al., 2 (17) SPECT 2005 2012 2007 1,445 1,286 89 1,445 – – 60.8  10.6 9 –
Carryer et al. (56) SPECT 2009 2010 2005 281 168 60 281 – – 67.0  11.0 37 –
Koh et al. (60) SPECT 2009 2011 2009 1,623 1,331 82 1,574 – – 61.0  11.0 39 93
Gholamrezanezhad et al. (58) SPECT 2009 2011 2009 291 219 75 283 – – 55.3  10.3 57 –
Nelson et al., 1 (18) SPECT 2009 2012 2009 150 101 67 148 – 12 61.0  10.0 1 –
Nelson et al., 2 (18) SPECT 2009 2012 2009 150 111 74 150 – – 65.0  12.0 43 47
Koh et al. (61) SPECT 2009 2012 2009 176 106 60 176 – – 61.0  11.0 41 –
Lin et al. (48) SPECT 2009 2013 2010 338 178 53 312 – – 57.3 34 100
Winchester et al. (62) SPECT 2009 2013 2011 332 259 78 328 – – – 4 –
Doukky et al. (63) SPECT 2009 2013 2009 1511 779 52 1,491 – – 59.0  13.0 43 –
Moralidis et al. (64) SPECT 2009 2013 2011 3,032 2,208 73 3,008 – – 66.0  11.0 41 –
Aldweib et al. (65) SPECT 2009 2013 2006 1,199 740 62 1,194 36 – 63.8  12.5 44 –
Ayyad et al., 1 (19) CTA 2006 2009 2006 763 530 69 715 – – 57.2  13.6 35 –
Ayyad et al., 2 (19) CTA 2006 2009 2007 646 507 78 623 – – 58.1  13.3 35 –
Miller et al. (66) CTA 2006 2010 2007 251 69 27 136 – – – – –
Murphy et al. (67) CTA 2006 2010 2008 267 126 47 189 69 – 56.2  14.0 36 82
El Sibai et al. (68) CTA 2006 2011 2009 100 8 8 100 – 19 53.0  13.0 17 77
Chinnaiyan et al. (69) CTA 2006 2012 2009 25,387 5,053 20 12,853 – 27 57.0 46 21
Rich et al. (70) CTA 2006 2012 2011 1,216 503 41 1,069 – 31 57.5  15.7 47 –
Mazimba et al. (71) CTA 2006 2012 2007 243 36 15 243 – – 59.2  12.3 55 –
Wasfy et al. (72) CTA 2006 2012 2008 267 119 45 189 51 – 56.2  14.0 36 –
El Sibai et al. (68) CTA 2010 2011 2009 100 38 38 100 – 19 53.0  13.0 17 77
Chinnaiyan et al. (69) CTA 2010 2012 2009 25,387 18,266 72 22,442 – 27 57.0 46 21
Rich et al. (70) CTA 2010 2012 2011 1,216 863 71 1,159 – 31 57.5  15.7 47 –
Mazimba et al. (71) CTA 2010 2012 2007 243 119 49 243 – – 59.2  12.3 55 –
Wasfy et al. (72) CTA 2010 2012 2008 267 157 59 231 51 – 56.2  14 36 –
Lin et al. (48) CTA 2010 2013 2010 23 13 56 18 – – 50.3 39 –
Cullen et al. (73) CTA 2010 2013 2007 251 85 34 212 – – – – –
*Values are mean  SD or mean.
CTA ¼ computed tomography angiography; SE ¼ stress echocardiography; SPECT ¼ single-photon emission computed tomography; other abbreviation as in Table 1.
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CENTRAL ILLUSTRATION Reported Appropriate Use in Papers Applying
Different Versions of Appropriate Use Criteria
Each line represents a summary of overall estimates calculated from random effect
models of proportion of appropriate tests. Individual Forest plots are provided in the
online ﬁgures (y-axis: appropriate use criteria edition; x-axis: 95% conﬁdence intervals
[CI]). CTA ¼ computed tomography angiography; SE ¼ stress echocardiography;
SPECT ¼ single-photon emission computed tomography; TEE ¼ transesophageal
echocardiography; TTE ¼ transthoracic echocardiography.
TABLE 3 Proportion of Appropriate Tests and Their Association With
Classiﬁable Imaging Studies and Examination of the Association Betwe
Total Sample C
% Appropriate Publication Year* p Value % Appropriate
TTE 2007 80 [75–84] 0.09 0.36 91 [87–93]
TTE 2011 85 [81–89] 0.73 0.01 87 [83–90]
TEE 2007 89 [81–94] 0.43 0.03 95 [89–97]
TEE 2011 95 [93–96]   96 [94–97]
SE 2008 53 [45–61] 0.07 0.46 71 [60–80]
SE 2011 52 [42–61] 0.04 0.97 53 [44–61]
SPECT 2005 72 [66–77] 0.10 0.40 76 [71–80]
SPECT 2009 68 [60–74] 0.12 0.42 69 [71–76]
CTA 2006 37 [21–55] 0.59 0.02 48 [35–62]
CTA 2010 55 [44–65] 0.06 0.89 61 [47–74]
Values in brackets are 95% conﬁdence intervals. *Regression coefﬁcient (slope).
Abbreviations as in Tables 1 and 2.
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768For the analysis of the AUC 2011 for stress echo-
cardiography, 1 report (12) was divided into 3. Thus,
8 papers with a total of 3,022 tests were included
(Online Figure 5). The average appropriateness was
0.52 (95% CI: 0.42 to 0.61; I2 ¼ 93.7% p < 0.0001). No
signiﬁcant associations between appropriateness and
publication year, sex, or specialists were found
(Table 4) either among all imaging studies or classi-
ﬁable studies (Table 3).
Single-photon emiss ion computed tomography.
Ten reports used the 2005 AUC version for SPECT,
with 1 report (17) divided in 2, resulting in 11 reports
(n ¼ 12,694 tests). The weighted proportion of
appropriate tests was 0.72 (95% CI: 0.66 to 0.77;
I2 ¼ 97.2%, p < 0.0001) (Online Figure 6). No signiﬁ-
cant associations between appropriateness and pub-
lication year, sex, or specialists were found (Table 4).
Using the 2009 AUC edition for SPECT, 10 reports
were found (n ¼ 9,083 tests), with 1 report (18) divided
in 2. The weighted proportion of appropriate tests
was 0.68 (95% CI: 0.60 to 0.74; I2 ¼ 97.8%, p < 0.0001).
No signiﬁcant associations between appropriateness
and publication year, sex, or specialists were found.
Computed tomography ang iography . Eight re-
ports (n ¼ 29,140) were found evaluating the 2006
AUC for CTA, with 1 report (19) divided in 2. The
average of appropriateness was 0.37 (95% CI: 0.21 to
0.55; I2 ¼ 99.6%, p < 0.0001) (Online Figure 7). A drop
in the proportion of appropriate tests in relation
to the year of publication of the paper was found
(p ¼ 0.02) (Table 4). No signiﬁcant associations
between appropriateness and sex or specialists were
identiﬁed. However, a strong positive association
between proportion of appropriateness and in-
patients was found (p < 0.0001).Publication Year in the Total Sample and Among
en the Proportion of Classiﬁable Tests and Publication Years
lassiﬁed Studies % Classiﬁed Studies of Total Sample
Publication Year* p Value % Classiﬁed Publication Year* p Value
0.26 0.06 89 [85–92] 0.02 0.87
0.69 0.07 99 [98–99] 0.67 0.24
0.01 0.98 97 [91–99] 1.54 0.03
  99 [97–99]  
0.05 0.80 80 [67–89] 0.12 0.57
1.42 0.35 98 [95–99] 1.42 0.35
0.04 0.70 95 [92–97] 0.84 0.05
0.13 0.42 99 [97–99] 0.01 0.99
0.57 0.05 87 [74–94] 0.09 0.87
0.16 0.76 90 [85–94] 1.41 0.03
TABLE 4 Meta-Regression of the Associations of the Proportion of Appropriate Tests
Publication Year* p Value Male* p Value Cardiologists* p Value Inpatient* p Value Age* p Value
TTE 2007 0.09 0.36 0.62 0.64 1.03 0.10 1.10 <0.01 0.01 0.67
TTE 2011 0.73 0.01 0.02 1.00 2.59 0.22 3.04 <0.01 0.00 0.99
TEE 2007 0.43 0.03 3.42 0.42 4.81 0.42 6.34 0.01 0.01 0.97
TEE 2011   0.16 0.88 0.16 0.88 0.16 0.88 0.03 0.51
SE 2008 0.07 0.46 1.63 0.68 8.87 0.24   0.03 0.46
SE 2011 0.04 0.97 2.03 0.56 0.32 0.69 4.71 0.51 0.13 0.25
SPECT 2005 0.10 0.40 1.18 0.64 0.96 0.71   0.01 0.16
SPECT 2009 0.12 0.42 0.39 0.69 0.76 0.75   0.01 0.77
CTA 2006 0.59 0.02 0.02 1.00 0.49 0.89 17.53 <0.01 0.28 0.28
CTA 2010 0.06 0.89 2.42 0.19   11.69 0.02 0.01 0.45
*Regression coefﬁcient (slope).
Abbreviations as in Tables 1 and 2.
TABLE 5 Meta-Regression of Proportion of “Rarely Appropriate” Tests of Total Sample
and Classiﬁed Studies as Dependent Variables
Total Sample Classiﬁed Studies
% “Rarely
Appropriate”
Publication
Year* p Value
% “Rarely
Appropriate”
Publication
Year* p Value
TTE 2007 8 [6–11] 0.25 0.06 9 [7–13] 0.26 0.06
TTE 2011 9 [6–12] 0.63 0.09 9 [7–12] 0.64 0.08
TEE 2007 1 [1–3] 0.45 0.00 1 [1–3] 0.43 0.001
TEE 2011 2 [2–4]   3 [2–4]  
SE 2008 18 [11–27] 0.03 0.91 23 [16–32] 0.02 0.92
SE 2011 27 [22–33] 0.10 0.83 28 [22–35] 0.02 0.97
SPECT 2005 11 [9–14] 0.13 0.28 12 [10–14] 0.15 0.21
SPECT 2009 20 [14–28] 0.05 0.81 20 [14–28] 0.05 0.78
CTA 2006 17 [12–23] 0.40 0.09 21 [13–33] 0.45 0.05
CTA 2010 21 [11–37] 0.55 0.43 0.23 [0.12–0.39] 0.40 0.56
Values in brackets are 95% conﬁdence intervals. *Regression coefﬁcient (slope).
Abbreviations as in Tables 1 and 2.
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769For the evaluation of the 2010 AUC for CTA, 7 re-
ports included 27,487 tests (Online Figure 7). The
weighted proportion of appropriate tests was 0.55
(95% CI: 0.44 to 0.65; I2 ¼ 97.8%, p < 0.0001). Only a
signiﬁcant association between appropriateness and
inpatient tests was found (p ¼ 0.0206) (Table 4).
There was a signiﬁcant diminution of classiﬁed
reports in relation to publication year (Table 3).
“R a r e l y ” a n d “Ma y b e ” a p p r o p r i a t e t e s t s .
Tables 5 and 6 present the proportion of “rarely
appropriate” and “maybe appropriate” tests, respec-
tively, and their association with the publication year
in the total sample and among classiﬁable imaging
studies. There was a signiﬁcant diminution of “rarely
appropriate” tests in the 2007 TEE AUC with time.
However, no such improvement has been noted with
the new edition. There was no impact of the AUC in
“rarely appropriate” tests for other cardiac imaging
modalities. Between the old and new editions, “rarely
appropriate” stress echocardiography studies in-
creased from 18% to 27%, SPECT from 11% to 20%,
and CTA from 17% to 21%.
TEE 2007 showed a decrease over time in the
tests that were “maybe appropriate” (beta ¼ –0.84,
p ¼ 0.04). CTA 2006 showed an increase in the pro-
portion of “maybe appropriate” tests of classiﬁed
imaging studies, but not of the total sample, over
time (beta ¼ 0.31, p ¼ 0.01). No other improvements
in the tests considered “maybe appropriate” were
found for the remaining modalities.
DISCUSSION
This comprehensive evaluation of published data
evaluated AUC for different cardiac imaging tech-
niques from 103,567 tests grouped in 10 different
cardiac imaging outcomes. Meta-regression was used
to evaluate the temporal trend of appropriateness,
based on the year of publication. In contrast toreports comparing the behavior of speciﬁc groups of
physicians over time, the results are an indication of
“real-world” practice at sites publishing their appro-
priate use data. There are 5 important observations.
First, the improvement of appropriate use from the
original to the revised versions may merely reﬂect
easier classiﬁcation of patients and a change in
attribution of proportion of appropriate testing rather
than a change in practice. Second, we found a tem-
poral improvement in percent appropriateness for
TTE, TEE, and CTA, but no evidence of a change in
the number and proportion of appropriate testing for
other modalities. Overall rates of appropriate use for
CTA and stress echocardiography remain low, and
those for SPECT are only modest. This implies a
disconnection between clinical practice and AUC that
warrants better understanding. Third, this limited
change has not matched the reduction in imaging
tests over the last 5 years, suggesting that physician
use of AUC in the ordering process may not have
TABLE 6 Meta-Regression of Proportion of “May Be Appropriate” Tests of Total Sample
and Classiﬁed Studies as Dependent Variables
Total Sample Classiﬁed Studies
% May Be
Appropriate
Publication
Year* p Value
% May Be
Appropriate
Publication
Year* p Value
TTE 2007      
TTE 2011 4 [3–6] 0.84 0.05 4 [3–6] 0.84 0.04
TEE 2007      
TEE 2011 1 [0–3]   1 [0–3]  
SE 2008 6 [3–9] 0.28 0.26 8 [5–12] 0.22 0.31
SE 2011 15 [9–24] 0.02 0.98 16 [10–24] 0.07 0.95
SPECT 2005 11 [9–14] 0.09 0.35 12 [10–15] 0.07 0.50
SPECT 2009 8 [5–13] 0.06 0.81 9 [5–14] 0.07 0.80
CTA 2006 19 [12–29] 0.26 0.17 24 [18–31] 0.31 0.01
CTA 2010 0.11 [8–16] 0.12 0.78 12 [9–17] 0.24 0.59
Values in brackets are 95% conﬁdence intervals. *Regression coefﬁcient (slope).
Abbreviations as in Tables 1 and 2.
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770played a major role in this reduction. However, an
indirect role (through AUC inﬂuence on the decisions
of radiology beneﬁt managers) cannot be excluded.
Fourth, the proportion of appropriate use presented
here may well be shown to its advantage in these
retrospective and largely unblinded evaluations,
which for the most part were performed by physicians
able to identify appropriate indications, even if this
was not the primary reason for the test. Moreover, the
evaluations were mainly performed at the point of
service of academic medical institutions. There was
substantial variation between observers, especially
between physicians. Finally, although there was
some evidence of publication bias for stress echo-
cardiography 2011 and CTA 2010, bias was not iden-
tiﬁed for most scenarios.
UNDERSTANDING TEMPORAL VARIATIONS IN
APPROPRIATENESS. The observed heterogeneity of
the proportion of appropriate testing among reports
might be expected on the basis of a wide variety of
participant characteristics, study designs, and types
of hospital and regions in the published data. How-
ever, the unique aspect of this work is its examination
of the temporal variation in proportion of appropriate
testing.
The drivers of test ordering are complex, and the
persistent rate of w80% for TTE (and less for other
modalities) perhaps testiﬁes to a variety of inﬂuences
that are not disease speciﬁc. These include factors
individual to the patient, such as factors related to
other comorbidities and situational considerations.
These features may drive the request for testing in a
situation when the test is considered “rarely appro-
priate” and explain the stability of this attribution.
In addition, clinical practice guidelines may be
discordant with AUC. Finally, the adjudication ofappropriate testing is often inconsistent because
appropriate and “rarely appropriate” reasons for
testing may coexist in the same patient. The impli-
cation is that the ordering physician may choose an
existing appropriate indication rather than the real
clinical issue. This may be likely when the proportion
of inappropriate (or “rarely appropriate”) tests is
reviewed as part of the accreditation process (20).
In this respect, the increment of “rarely appro-
priate” tests from the ﬁrst to the second versions of
stress echocardiography, SPECT, and CTA was a sur-
prising ﬁnding of this meta-analysis. Interestingly,
none of these tests showed a gradation of “rarely
appropriate” use within the time frame of each edi-
tion; therefore, this ﬁnding likely reﬂects the change
in criteria rather than a change in practice.
ALTERNATIVE APPROACHES TO REDUCING COST.
The use of AUC as a process to reduce costs neglects
the fact that testing labeled as “sometimes” and
“rarely appropriate” is very reasonable in some situ-
ations. Indeed, this is a shortcoming of the wide-
spread use of radiology beneﬁt managers as a tool to
control the use of cardiac imaging: they are inﬂexible
to situational demands (12). The application of AUC at
the point of care (e.g., using electronic tools that help
physicians to choose “appropriately”) has produced
similar results to the radiology beneﬁt managers but
has the same limitation (21).
Although the nuances of speciﬁc clinical scenarios
make the AUC problematic for controlling testing,
they are potentially valuable as a yardstick for edu-
cation. The evidence available regarding the value of
educational campaigns is contradictory (11–13). In the
interpretation of responses to AUC campaigns, it
should be noted that knowledge of AUC is only 1
component of test selection. Test selection is also
inﬂuenced by the characteristics of health pro-
fessionals, features of practice settings, incentives,
linkage of AUC performance with accreditation or
licensing bodies, patient factors, compatibility with
existing practice and beliefs, and perceived quality of
the guidelines (22). Moreover, how much repetition is
required for an educational campaign to have a sus-
tained effect is unclear.
In jurisdictions in which the laboratory is respon-
sible for appropriate use, a strategy of laboratory-
based audit is needed for the thousands of cardiac
imaging requests that are submitted to the laboratory
every year. The use of AUC to facilitate auditing is
more likely to be effective than its application to in-
dividual test requests. Tests that are most likely to be
of “maybe” or “rare” appropriateness include those
requested in younger patients, those with previous
tests, those who are outpatients, or tests that are
PERSPECTIVES
COMPETENCY IN SYSTEMS-BASED PRACTICE: Appro-
priate use of echocardiography (TTE and TEE) ranges from 80%
to 90%, whereas adherence to current AUC for noninvasive
assessment of coronary disease ranges from 50% for stress
echocardiography and CTA to w70% for radionuclide (SPECT)
imaging. Over a 5-year period, there was improvement in
appropriate use of TTE, TEE, and CTA, but no change in the
proportion of appropriate use of the other modalities.
TRANSLATIONAL OUTLOOK: The apparent discordance
between AUC and clinical practice patterns suggests that more
objective methods are needed to assess the appropriateness of
diagnostic imaging procedures.
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771reevaluations in patients who are asymptomatic or
have no changes in clinical status (23). These situa-
tions might be used as markers of potential inappro-
priate use in individual patients.
STUDY LIMITATIONS. Most cardiovascular imaging is
performed in the community practice environment,
whereas most AUC reports have been reported in
academic medical centers. Nonetheless, the wide
discussion of AUC over the last decade might be ex-
pected to inﬂuence all environments, and a practice-
speciﬁc variation of some tests and not others seems
unlikely. It is unclear whether changes in percent
appropriateness reﬂect better test selection rather
than observer-expectancy effect or coding of in-
dications to satisfy AUC.
CONCLUSIONS
Improvements in the percent appropriateness rate of
TTE seemed to correlate with the temporal reduction
in imaging. However, methodological problems in
these published reports (including possible publica-
tion bias and retrospective assignment of AUC ratings
in most reports by individuals afﬁliated with the
institution where the analysis was performed) may
compromise conﬁdence in this observation. More-
over, these changes are not uniform. There were nopositive associations between the rate of appropri-
ateness and date of publication for SPECT, TEE,
CTA, and stress echocardiography. It is possible that
the reduction of imaging tests is unrelated to AUC.
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